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The fidelity of DNA replication, particularly on GC-rich
templates, is reduced by defects of the Fe–S cluster in
DNA polymerase ␦
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ABSTRACT
Iron-sulfur clusters (4Fe–4S) exist in many enzymes
concerned with DNA replication and repair. The contribution of these clusters to enzymatic activity is not
fully understood. We identified the MET18 (MMS19)
gene of Saccharomyces cerevisiae as a strong mutator on GC-rich genes. Met18p is required for the
efficient insertion of iron-sulfur clusters into various proteins. met18 mutants have an elevated rate
of deletions between short flanking repeats, consistent with increased DNA polymerase slippage. This
phenotype is very similar to that observed in mutants
of POL3 (encoding the catalytic subunit of Pol ␦) that
weaken binding of the iron-sulfur cluster. Comparable mutants of POL2 (Pol ) do not elevate deletions.
Further support for the conclusion that met18 strains
result in impaired DNA synthesis by Pol ␦ are the observations that Pol ␦ isolated from met18 strains has
less bound iron and is less processive in vitro than
the wild-type holoenzyme.
INTRODUCTION
Mutations must occur frequently enough to generate variants suited for evolution, but infrequently enough that
essential genes are not often inactivated. In mutationaccumulation studies in Saccharomyces cerevisiae (1–
* To

7), the rate of single-base mutations is about 3 ×
10−10 /bp/division, and the rate of small insertion/deletions
(in/dels) is at least 10-fold lower. The relatively low in
vivo mutation rate for single-base mutations in eukaryotes is a consequence of three processes that operate sequentially: accurate base selectivity of the replicative polymerases (Pols) ␣, ␦ and ε; a proofreading exonuclease associated with Pols ␦ and ε, and the error-correcting mismatch
repair (MMR) system (8). In addition, the catalytic subunits
of DNA Pol ␦ and ε associate with other proteins (such as
PCNA) that increase their processivity. These associations
reduce the frequency of insertion/deletions (in/dels), mutations that likely reflect DNA polymerase slippage (9).
In yeast, as in other eukaryotes, the replicative Pols have
specialized functions (8). Pol ␣ and its co-factors synthesize short RNA–DNA fragments that are used as primers
for synthesis catalyzed by the more processive Pols ␦ and ε.
Although some issues remain controversial, in unstressed
wild-type cells, synthesis on the leading and lagging strands
is primarily performed by Pols ε and ␦, respectively; however, in certain mutant backgrounds and in certain genomic
regions in wild-type cells, Pol ␦ replicates both leading and
lagging strands (10,11).
Pol ␦ in Saccharomyces cerevisiae is composed of three
subunits: Pol3p which has the catalytic activities of the
enzyme (12), and the accessory subunits Pol31 and Pol32
(13,14). Pol3p and Pol31p are encoded by the essential yeast
genes POL3 and POL31, respectively. POL32 is not essential. Previous studies showed that point mutations or
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MATERIALS AND METHODS
Strain constructions and growth conditions
Most of the yeast strains used in these experiments were
derivatives of W1588–4C (26), a RAD5 derivative of W3031A (27). Derivatives of strains JED213-30 (15) and BJ2168

(ATCC® 208277™) were used for protein analysis. Strain
MD702 is a derivative of YJM789 (28). The genotypes of
each strain and the details of their constructions are in
Supp. Expt. Procedures and in Supplementary Table S1.
Plasmids and primers used for these constructions are in
Supplementary Table S2. Standard media were used, including rich (YPD), sporulation media, synthetic complete
(SC), and synthetic complete lacking one or more components (29).
Gene deletions were made by single-step transplacement
with PCR-generated fragments encoding either the natMX4
or hphMX4 cassettes (30), and were selected on plates containing YPD with nourseothricin (100 mg/l) or hygromycin
B (300 mg/l), respectively. Point mutations were introduced
into chromosomal copies of POL1, POL2 and POL3 by
two-step plasmid integration and excision (31).
The CAN1-GC sequence was synthesized by GenScript.
Sanger sequencing was performed by Eton Bioscience.
Oligonucleotides used in this study are listed in Supplementary Table S2 and were synthesized by Eton Bioscience
or Integrated DNA Technologies. Site-directed mutagenesis
was performed by using Q5 Site-Directed Mutagenesis Kit
(New England BioLabs) or the QuikChange Site-Directed
Mutagenesis Kit (Agilent) according to the manufacturer’s
instructions.
Canavanine-resistant colonies were selected on SC-Arg
media with 120 mg/l canavanine added. Ura− colonies
were selected on SC media with 0.1% of 5-fluoro-orotate
(5-FOA). Strains bearing the following mutations were
temperature-sensitive, and were grown at 23◦ C: pol3–
13, pol3-C1069S, pol2-C763S and pol2-C665S,C677S. All
other strains were grown at 30◦ C unless otherwise indicated.
Determination of mutation rates and mutation analysis
To estimate CAN1 and URA3 mutation rates, we performed
fluctuation analysis. Multiple (about 20) single colonies derived from each strain were isolated from YPD plates and
patches were made from each colony on YPD. After twothree days of growth, the resulting patches were suspended
in sterile water. The appropriate dilutions were then grown
on selective plates containing canavanine or 5-FOA to determine the rate of CAN1 or URA3 mutations, and on nonselective plates to determine the total number of cells in
the patch. Plates were scored after three days of incubation at 30◦ C for most strains or after five days of incubation at 23◦ C for temperature-sensitive strains. Mutation
rates were calculated using the method of the median (32).
VassarStats tools (http://www.vassarstats.net/) were used to
produce confidence intervals for proportions and for the
chi-square test. Confidence intervals for individual mutation events were calculated as described previously (25).
Mutated URA3 genes were isolated by PCR amplification
of DNA isolated from independent 5-FOAR isolates using
the primers DKo3 and DKo4 (Supplementary Table S2–2),
and the resulting product was sequenced using the same two
primers. Mutant CAN1 genes were amplified from independent CanR isolates using the primers DKo74 and DKo79
(Supplementary Table S2–2). The resulting fragments were
sequenced using these two primers plus the primers DKo76
(CAN1-WT) or DKo77 (CAN1-GC) and DKo78.
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low levels of Pol3 substantially increase mutation rates in
yeast, particularly the rates of multi-base deletions flanked
by short direct repeats (15,16). Amino acid substitutions in
POL3 that reduce base selectivity or eliminate the proofreading exonuclease, as expected, have a strong mutator
phenotype (3,17).
Pol ␣ in S. cerevisiae is composed of four essential proteins: Pol1 (catalytic subunit), Pol12 (B subunit of the complex), and two proteins with primase activity, Pri1 and Pri2
(8). Pol ε has four subunits encoded by the yeast genes
POL2, DPB2, DPB3 and DPB4 (8). Although strains with
a deletion of POL2 are not viable, strains that have a deletion of Pol2p that removes the catalytic region of the protein are viable (18) as a consequence of the ability of Pol ␦ to
substitute for ε in replicating the leading strand (11).
Pol3p was shown to have an iron-sulfur (Fe–S) cluster of
the 4Fe–4S type coordinated within the protein by four cysteine residues (19,20) located close to its C terminus. While
the exact role of this metal cofactor in DNA polymerases is
not completely understood, in vitro studies showed that the
redox state of the Fe–S cluster can control the rate of DNA
synthesis catalyzed by Pol ␦ (21). Mutations of the Fe–S coordinating cysteine residues strongly reduce iron binding to
Pol3 (19) and some of these mutants are inviable or thermosensitive in vivo (22). These observations strongly suggest an
important role of the Fe–S cluster for the proper functioning of the Pol ␦. Since cysteine mutants of Pol3 prevent the
binding of the accessory subunits Pol31 and Pol32 (19), one
may attribute some of the effects of these mutants to the
absence of these accessory proteins.
A well-studied cysteine mutation pol3–13 (22) is located
within the Fe–S cluster binding domain of Pol3p. The mutation results in thermosensitivity, and is synthetically lethal
with some other mutations, including met18/mms19 (23).
MET18 (MMS19) encodes a component of the cytosolic
iron-sulfur cluster assembly (CIA) machinery (24) and is responsible for the introduction of the Fe–S cluster into target
proteins.
As described below, we identified a mutation that had a
substantial mutator phenotype with particularly strong effects on GC-rich genes. We previously demonstrated (25)
that a URA3 gene constructed to be GC-rich had a sevenfold elevated rate of mutation compared to a ‘normal’
URA3 gene. We find that the met18 mutation elevates the
mutation rate of a GC-rich gene about 100-fold relative
to a wild-type strain, and elevates mutation rates about 7fold throughout the genome. Almost all of the mutations
induced in GC-rich genes are deletions between short direct repeats, suggesting that they arise through DNA polymerase slippage. Further, we show that the mutator phenotype of the met18 strain is likely a consequence of loss of
the Fe–S cluster from Pol ␦. We also demonstrate that Pol ␦
isolated from met18 strains binds less iron than that isolated
from wild-type strains, and is less processive in vitro.
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Mapping the met18-410 mutation using DNA microarrays
As described in the Results, we crossed DKy240 (the haploid strain containing the mutator mutation) to an isogenic
wild-type strain of the opposite mating type (DKy97) to
form the diploid DKy309. When the heterozygous diploid
was sporulated, the phenotype of the elevated mutation rate
of URA3-GC segregated 2:2 in 10 of 10 tetrads. This result
indicates that the mutator phenotype is a consequence of
a single mutation in DKy240. To identify the mutation, we
crossed DKy240 to MD702, a haploid strain of the opposite
mating type. The MD702 strain was derived from the strain
YJM789 that contains about 55 000 single-nucleotide polymorphisms (SNPs) relative to the W303-1A background of
DKy240 (35). Following tetrad dissection of the resulting
diploid (DKy359), we screened the haploids derived from
the spores for those that produced 5-FOAR colonies at a
high rate.
We then used SNP-specific microarrays to determine
which genomic sequences within each haploid strain were
from the W303–1A-derived homolog or the YJM789derived homolog (35,36). Of the ten meiotic segregants that
had the mutator phenotype (examined in five pools of two
segregants), all ten shared the same 21-kb segment of chromosome IX of the W303–1A-derived genotype; no other genomic segment was shared among the ten mutator strains.
An example of the analysis is shown in Supplementary
Figure S2. This region contains five genes: ASG1, TAO3,
MET18, RRT14 and STH1. A mutation in MET18 would
be expected to result in a Met− phenotype, and we found
that all spores that had a high frequency of mutations for
URA3-GC were Met− . Subsequently, by sequence analysis,
we showed that the Met− meiotic products had a frameshift
mutation (AT to G in position 2816–2817) in MET18. This
mutant allele (which we called ‘met18–410C’) was absent
from the unmutagenized parental strains.
Isolation and analysis of Pol ␦
To evaluate levels of (3xHA)-Pol3, we used the following
protocol. Cells were grown in liquid YPD to an OD600 of
0.4–0.5, harvested by centrifugation, and washed twice with
water. Cells were broken by agitation with acid-washed glass
beads in the lysis buffer (10% glycerol, 20mM Tris pH8,
1 mM EDTA pH 8, 150 mM NaCl, 1× cOmplete™ Mini
EDTA-free Protease Inhibitor Cocktail (Roche)). Lysates
were cleared by centrifugation at 10 000g for two minutes,

and then mixed with 4× sample buffer (40% glycerol, 280
mM Tris pH 6.8, 4% SDS, 0.02% bromophenol blue, 2%
2-mercatoethanol). Proteins were separated on a Novex™
WedgeWell™ 4–12% Tris–glycine Mini Protein Gel (Thermo
Fisher Scientific), and transferred to an Invitrolon™ PVDF
(Thermo Fisher Scientific) membrane. Membranes were
probed with anti-HA antibody (ab9110, Abcam) or an antiGAPDH antibody (ab9385, Abcam).
Multi-subunit DNA polymerase ␦ purification was
adapted from (37–40). Briefly, overexpression of proteins
was performed in the strain BJ2168 or its met18Δ derivative (DKy501). For Pol ␦ holoenzyme overexpression, these
strains were transformed with pBL341 and pBL335, grown
in SCGL media (SC with 1 g/l glucose, 30 g/l glycerol,
20 g/l lactic acid as carbon sources) without uracil and
tryptophane followed by induction with equal volume of
4% galactose YPGL media (YPD with 2 g/l glucose, 30
g/l glycerol, 20 g/l lactic acid, 40 g/l galactose as carbon
sources) for 6 h. Pelleted cells were resuspended in water
(cells to water ratio 2:1), frozen in liquid nitrogen and lysed
by freezer mill. Lysed cells were thawed and solubilized 2:1
in 3X Hep150 buffer (90 mM Hepes, pH 7.8, 150 mM NaCl,
30% glycerol, 6 mM EDTA, 0.06% NP40, 6 mM DTT, 30
mM NaHSO3 , 30 M pepstatin A, 30 M leupeptin) with
1 mM PMSF, to which ammonium sulfate and polymin-P
were added in two steps to 150 mM and 45 l/ml, respectively. The solution was spun in the ultracentrifuge, 18 000
RPM for 30 minutes at 4◦ C.
The supernatant was precipitated with 0.3 g/ml ammonium sulfate over 1 h at 4◦ C. The pellet was collected by
ultracentrifuging at 18 000 RPM for 30 min at 4◦ C and resuspended in 1× Hep0. Solubilized pellet was batch bound
overnight at 4◦ C to 2 ml Hep250 equilibrated glutathione
Sepharose 4B beads. The slurry was washed by gravity filtration with 35 mL Hep250, 10 mL Hep250 containing 1
mM ATP and 3 mM MgOAc, 10 mL Hep150, then 10
mL Hep50. The purified DNA polymerase ␦ complex was
washed from beads at 4◦ C with 9 ml Hep50 + 20 mM glutathione (pH 8.0) and collected overnight into conical tube
on ice containing 20U PreScission Protease. Extra purification was performed by FPLC using a MonoS column over a
15 mL linear gradient of 50 mM NaCl and 1000 mM NaCl
solutions containing 30 mM HEPES pH 7.4, 10% glycerol,
1.5 mM EDTA, 0.01% NP40, 5 mM DTT, 2 M pepstatin
A, 2 M leupeptin, 0.1% ampholytes 3.5–9.
Analysis of the polymerizing and exonuclease activities of Pol ␦ were done as described in (41). In brief,
a Cy3-labeled oligonucleotide used for the primer (5 /5Cy3/AAAAATTGTACTTGGCGGATAATGCC
TTTAGCGGCTTAACT) was annealed to a template
oligonucleotide (5 -GGATATCTTGACTGATTTTTCC
ATGGAGGGCACAGTTAAGCCGCTAAAGGCATT
ATCCGCCAAGTACAATTTTT) by heating at 94◦ C
then slow cooling in a heat block to 30◦ C. 15 l reactions
consisting of 50 nM DNA hybrid, 50 nM Enzyme (WT
or Met-18 Pol ␦), cellular concentrations of each of the
four dNTPS (dA, 16 M; dC, 14 M; dG, 12 M; dT,
30 M) 1mM DTT, 5% glycerol, 1xTE were preincubated
for 10 min at 30◦ C. These reactions were initiated by the
addition of 2 l of a solution containing 11 mM MgCl2 ,
4g/ml heparin and stopped after 2 min by the addition
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For mutation-accumulation experiments, DNA samples
were prepared, sequenced (paired-end Illumina sequencing
with HiSeq 4000), and analyzed as described in (33). Mutations were detected and classified using ‘muver’ (mutations
verificatae) software as described in (34). Data from the
wild-type strain (TAK948) are archived on the GEO
database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE101698) listed as GSM2712335. Sequencing data
for the wild-type strain delta|(–2)|-7B-YUNI300 (33) is
archived at: (https://www.ncbi.nlm.nih.gov/geo/download/
?acc=GSE56939) (LO3 ref v2). The data from the met18
strain DKy361 are located on the Sequence Read Archive
database (BioProject ID: PRJNA703018).
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of equal volume 95% formamide, 20 mM EDTA, 0.01%
bromophenol blue. 10 l of these stopped reactions were
analyzed by denaturing 12% polyacrylamide gels, and
quantified with ImageQuant.
The iron content in samples with FPLC-purified Pol3 was
determined by inductively coupled plasma mass spectrometry (ICP-MS), and was performed by RTI International at
Research Triangle Park, NC.

Identification of met18 as a strong mutator biased toward mutagenesis of a GC-rich gene

Mutator phenotype in met18Δ strains

In our previous study (25), we showed that a gene with a
high-GC content (URA3-GC, 63%) had an elevated rate of
both mutations and recombination relative to a gene with
a more average GC content (URA3-WT, 43%); the GCcontent of the nuclear genome of S. cerevisiae is about 38%
(42). We found that the high mutation rate of the URA3-GC
allele was a consequence of a strongly elevated rate of deletions between direct repeats (likely a consequence of DNA
polymerase slippage by the replicative Pols) as well as an
elevated rate of single-base mutations caused by increased
recruitment of the error-prone Pol  . Based on these observations, we performed a mutant hunt to look for variants
that had an elevated rate of mutations for the URA3-GC
template but lesser effects on the rate of mutations in a gene
with a lower GC content (41%, CAN1).
The haploid strain DKy232–8C (isogenic except for alterations introduced by transformation with W303–1A (27))
was mutagenized with ultraviolet light with a dose (20 J/m2 )
that reduced viability to about 50% (Supplementary Figure S1). DKy232–8C has two markers that were used to
screen for mutations, CAN1 (41% GC-content) and URA3GC (63% GC-content). Mutations in CAN1 and URA3-GC
result in derivatives that are resistant to canavanine and 5fluoro-orotate (5-FOA), respectively. Following mutagenesis, the cells were allowed to form colonies on a rich growth
medium, and the resulting colonies were replica-plated onto
medium containing canavanine or 5-FOA. Out of approximately 14,000 colonies tested, a single isolate (DKy240) re-

We further investigated the mutator phenotype associated
with MET18 deletions (met18Δ). The strains DKy361 and
DKy360 contain the URA3-GC and URA3-WT alleles, respectively. The mutation rates of URA3-GC and URA3-WT
in the met18Δ strains (relative to the rates observed in the
isogenic wild-type strains) were elevated 133- and 35-fold,
respectively (Table 1). The mutation rate of the CAN1 gene
that had the wild-type base composition (CAN1-WT) was
elevated about four-fold by the met18–410C and about sixfold by the met18 deletion (Table 1 and Figure 1). Confidence limits on the rates in Table 1 are shown in Supplementary Table S3.
We also examined the effect of the met18Δ allele in strains
with a CAN1 variant (CAN1-GC) in which the first 804
bps were engineered to have a GC-content of 63.8% and
the terminal 966 bp were left unchanged (39% GC) (Supplementary Figure S3). The mutation rate of CAN1-GC in
the MET18 wild-type strain was about twice as high as
that of the CAN1-WT gene (Table 1). The mutation rate
of CAN1-GC in the met18Δ strain was elevated about 15fold relative to the rate in the MET18 strain (Table 1). In
the MET18 genetic background, mutations were approximately equally divided between the 5 804 bps and the 3
966 bps of the CAN1 gene (42 and 56, respectively) (Supplementary Table S4). In contrast, in the met18Δ background,
the numbers of mutations in the 5 and 3 regions of CAN1GC (51 and 5, respectively) were biased to the 5 GC-rich
interval.

Yeast two-hybrid analysis
The interaction between Pol3 and Pol31 was analyzed
by yeast two-hybrid assays carried out in the wildtype strain L40 (MATa, his3-200, trp1–901, leu2–3,112,
ade2, LYS2::(lexAop)4 -HIS3, URA3::(lexAop)8 -lacZ) or
the isogenic strain DKy440, a met18Δ derivative of
L40. The strains L40-pBL322/pBL364 and DKy440pBL322/pBL364 were used to measure Pol3–Pol31 interactions with the plasmids pBL322 (LexABD-POL3 in 2 vector pBTM116 with TRP1 marker) and pBL364 (GAL4ADPOL31 in 2 vector pACT2 with LEU2 marker). In strains
L40-pBL323/pBL363 and DKy440-pBL323/pBL363, the
interactions were measured with the plasmids pBL323
(GAL4AD-POL3 in 2 vector pACT2 with LEU2 marker)
and pBL363 (LexBD-POL31 in 2 vector pBTM116 with
TRP1 marker). The plasmids used in this analysis are described in (13). Quantitative ␤-galactosidase assays were
carried out in triplicate.
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RESULTS

producibly had 26-fold more colonies than the unmutagenized isogenic strain on plates containing 5-FOA, but only
a 4-fold increase in colonies resistant to canavanine (details
in Materials and Methods).
We crossed DKy240 to an isogenic wild-type strain of the
opposite mating type (DKy97) to form the diploid DKy309.
When the heterozygous diploid was sporulated, the phenotype of the elevated mutation rate of URA3-GC segregated 2:2 in 10 of 10 tetrads, indicating that the mutator phenotype was a consequence of single mutation in
DKy240. To identify this mutation, we crossed DKy240 to
MD702, a haploid strain of the opposite mating type that
had about 55 000 single-nucleotide polymorphisms (SNPs)
relative to DKy240 (35). We used SNP-specific microarrays
to determine which SNPs co-segregated with the mutator
phenotype in spores derived from the diploid (details in
Supp. Expt. Procedures, Supplementary Figure S2). Subsequently, by sequence analysis, we showed that the meiotic
products with a mutator phenotype had a frameshift mutation (AT to G in position 2816–2817) in MET18. This
mutant allele (met18–410C) was absent from the unmutagenized parental strains.
We then determined the effect of met18–410C on URA3WT (43% GC) in an isogenic strain in which URA3-GC
(63% GC) was replaced by URA3-WT (DKy242–1C; Supplementary Tables S1 and S2). We found that the mutation
rate of URA3-WT was elevated by about 10-fold instead
of the 26-fold elevation observed for URA3-GC (Table 1).
Thus, the met18 mutator phenotype is preferentially associated with the high-GC gene.
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Table 1. Rates of different types of URA3 and CAN1 mutations in strains with mutations in met18 or various DNA polymerase genes

Genotype

Temp.
(◦ C)

URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-WT
URA3-WT
URA3-WT
URA3-WT
CAN1-WT
CAN1-WT
CAN1-WT
CAN1-GC
CAN1-GC
URA3-GC
URA3-WT
CAN1-WT
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC
URA3-GC

30
23
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
23
23
23
23
30
23
30
23
23
23
30

49.4
87.5
1270
6580
12700
7.3
75.4
259
182
188
694
1160
424
6440
8920
261
1160
8020
3480
2390
4410
47.6
84.4
33.4
456
539
2110
455

Rates of
deletions
(insertions) ≥
5 bp
( x 10−9 )

Rates of
deletions
(insertions)
<5bp
( x 10−9 )

Rates of ura3GC-366TC
mutations
( x 10−9 )

Rates of
other
mutations
( x 10−9 )

25.5
15.7
<29
<88
4870
5.9
18.1
74.1
38.3
135
277
172
277
<105
121
106
504
108
256
104
74.8
19.9
27.0
12.5
248
265
49.7
49

12.5 (3.3)
55.1 (4.9)
1100 (<29)
5350 (<88)
3900 (<325)
<0.1 (<0.1)
48.7 (1)
148 (12.3)
133 (<1.7)
6.7 (3.4)
173 (<35)
882 (<21)
29.4 (<4.2)
6340 (<105)
8200 (<121)
131 (2.8)
504 (21.9)
5530 (<108)
2620 (32)
1975 (<52)
3740 (<75)
13.0 (4.3)
40.9 (7)
14.6 (1.6)
65.2 (8.7)
108 (19.6)
1810 (<25)
308 (7.0)

5.4 (<0.5)
7.9 (<1.0)
<29 (<29)
<88 (<88)
1620 (<325)
0.6 (0.1)
2.9 (1)
8.2 (<4.1)
1.7 (<1.7)
26.9 (6.7)
104 (104)
21.5 (<21)
84 (4.2)
106 (<105)
0 (<121)
5.6 (5.6)
110 (<22)
108 (<108)
32 (32)
<52 (<52)
<75 (<75)
10.4 (<0.9)
5.2 (0.9)
4.7 (<0.5)
86.9 (8.7)
78.4 (9.8)
<25 (25)
<7 (<7)

<0.5
<1.0
174
1050
2270
NR
NR
NR
NR
NR
NR
NR
NR
NR
603
NR
NR
1950
448
312
524
<0.9
<0.9
<0.5
8.7
<9.8
224
90.9

2.7
3.9
<29
176
<325
0.7
3.8
16.5
8.3
10.1
34.7
86.1
29.4
<105
<121
11.1
21.9
325
63.9
<52
74.8
<0.9
3.5
<0.5
30.4
58.8
24.9
<7

The entries in this table summarize the details presented in Supplementary Table S3. In the columns showing the rates of deletions and insertions, the
insertion rates are in parentheses. As discussed in the text, the ura3-GC-366TC mutation represents conversion of a quasi-palindrome sequence into a
perfect palindrome. ‘NR’ indicates that the rate of ura3-GC-366TC mutations is not relevant because the reporter gene does not contain a quasi-palindrome.
For categories in which the number of events was 0, we calculated the rate as less than the value obtained if there was a single event.

Mutational spectra in met18 strains
Both met18–410C and met18Δ have a unique mutational
signature for URA3-GC compared to wild-type strains
(Supplementary Tables S3 and S5). In the met18–410C
strain, 38 of 44 (86%) of the URA3-GC mutations were deletions (≥5 bp) flanked by short direct repeats (typically, 4–11
bp long), and 61 of 75 (81%) of the mutations in the met18Δ
strain were of this class. In the wild-type strain, 25% (23 of
91) of the URA3-GC mutations were similar deletions (25).
Although deletions ≥ 5 bp were not observed for URA3WT in the wild-type strain (25,43) this type of mutation accounted for over 50% of URA3-WT mutations in both the
met18–410C (51 of 79) and met18Δ (36 of 63) strains (Supplementary Table S5). This difference represents more than
a 1,000-fold increase in the rate of long deletions among
URA3-WT mutations as a result of the met18 mutation.
A similar effect of met18 was observed for the CAN1
gene. In the wild-type strain with the CAN1-WT gene, only
2 of 56 mutations (4%) were deletions ≥5 bp, whereas in
the met18Δ strain, 41 of 54 mutations (76%) were of this
class (Supplementary Table S5). In the hybrid CAN1-GC,
the wild-type MET18 strain had 7 deletions ≥5 bp of 101
total mutations (7%), and the met18Δ strain had 60 of 61
mutations (98%) of this class (Supplementary Table S5),
concentrated in the GC-rich half (Supplementary Table S4).

The sequences of all deletions and duplications ≥5 bp for
URA3 and CAN1 for all strains are shown in Supplementary Table S6.
It is likely that the deletions ≥5 bp reflect DNA polymerase slippage. As mentioned previously, mutations in Pol
␦ substantially elevate this class of mutation. Although nonhomologous end-joining might produce similar types of
deletions, we showed previously that the rate of deletions
of URA3-GC in the wild-type strain were not reduced by
mutations that eliminate end-joining events (25); in addition, in vitro synthesis by DNA polymerase ␦ can generate similar deletion mutations (44). Although DNA polymerase slippage can result in both deletions (Figure 2A)
and duplications (Figure 2B), in the current study, in the
met18 strains, deletions outnumber duplications very substantially, 299 to 4.
In met18 strains, another common class of mutations in
URA3-GC was an insertion of the dinucleotide TC between
bases C366 and G367 (designated ura3-GC-366TC) which
was observed in 14% (19/134) of the URA3-GC mutations
(Supplementary Table S5). The high frequency and context
of this mutation argues that it may be a templated mutation
rather than random event, resulting in the conversion of a
quasi-palindrome (QP) sequence to a perfect palindrome
(Supplementary Figure S4A). Similar mutations were first
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reported in Escherichia coli (45). One mechanism to explain
this class of mutation (reviewed in (46)) involves two cycles
of template switching as shown in Supplementary Figure
S4B; by this model, mutations that render DNA polymerase
less processive would be expected to elevate the frequency
of this class of mutation. An alternative model is that the
mutation reflects mismatch repair in a ‘hairpin’ structure
formed between the two components of the imperfect palindrome (45). By this mechanism, the frequency of the ura3GC-366TC mutation should be reduced in a strain deficient
in mismatch repair. Since there was a two-fold elevation
in the frequency of the ura3-GC-366TC mutation in the
strain with the met18 mlh1 genotype (Table 1), we prefer
the template-switching model.
Mutations in the Fe–S binding site of Pol3p (the catalytic subunit of Pol ␦) mimic the mutagenic effects of the met18 mutation
Since mutations in POL3 result in an elevation in deletions
flanked by short direct repeats and since the Pol3p contains
an iron-sulfur cluster (24), we hypothesized that Pol ␦ might
be the relevant target of the mutagenic effects of met18.
Four cysteines in Pol3p (C1056, C1059, C1069, C1074) constitute the Fe–S binding domain (19). We examined the phenotypes associated with replacing cysteine with serine in
three of these four positions (C1059S, C1069S, C1074S);
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Figure 1. Mutator phenotype of met18Δ on genes with wild-type GCcontent (URA3-WT and CAN1-WT), and GC-rich genes (URA3-GC and
CAN1-GC). The mutation rates of the wild-type and met18Δ strains are
shown in blue and red, respectively. Error bars indicate 95% confidence
limits. (A) Mutator phenotype of met18Δ on URA3-WT and URA3-GC
genes. (B) Mutator phenotype of met18Δ on CAN1-WT and CAN1-GC
genes.

C1074S is the same substitution previously described as the
allele pol3–13 (22,47).
Both the mutation rates and the mutation spectra for
URA3-GC were very similar in strains with the pol3-C1059S
mutation or the met18Δ mutation (Table 1, Supplementary
Tables S3 and S5). The 95% confidence limits overlapped
for the total URA3-GC mutation rates, and the rates of the
two major classes of mutations, long deletions and QP mutations (Supplementary Table S3); for this analysis, we only
compared rates and spectra measured at the same temperature. Moreover, by the same statistical test, the mutation
rates and spectra (long deletions and single bp substitutions) in CAN1-WT were not significantly different in the
pol3-C1059S and met18Δ strains (Table 1, Supplementary
Tables S3, and S5). These data are summarized in Figure 3.
Although strains with the pol3-C1059S mutation grow
normally at 30◦ C, strains with the pol3–13 (pol3-C1074S)
and pol3-C1069S mutations grow slowly at this temperature. Consequently, we assayed the mutagenic effects of
these mutations in cells grown at room temperature (23◦ C).
As controls, we also assayed the pol3-C1059S (URA3-GC)
and the met18Δ (URA3-GC) strains at 23◦ C. There was no
significant difference in the rates of mutations in the comparison of the met18Δ strain with pol3–13 or pol3-C1069S
(Supplementary Table S3; Figure 3). However, the rate of
ura3 mutations in the pol3–13 strain was significantly elevated (∼2.5-fold) compared to the rates in pol3-C1059S and
pol3-C1069S. Similarly, the rates of both deletions ≥5 bp
and QP mutations were significantly elevated in the pol3–
13 strain relative to the rates in the pol3-C1059S and pol3C1069S strains (Supplementary Table S3). These results
suggest that either there are different effects of different Fe–
S-binding-site mutations on Fe–S binding or that that these
mutations can also alter the catalytic activity of Pol3p independent of Fe–S binding. For all mutations that disrupted
the Fe–S binding site, the predominant class of mutations
was deletions ≥ 5 bp flanked by short direct repeats; the
ura3-GC-366TC mutation was also a prominent class.
Although these results strongly implicate Pol ␦ as responsible for the mutator phenotype in met18 cells, we also examined the phenotypes associated with mutating the Fe–S
binding sites of Pol ε. The Fe–S cluster binding pocket in
Pol2p (encoding the catalytic subunit of Pol ε) was originally described to include C2164, C2167, C2179 and C2181
(19) but later was amended to include C665, C668, C677,
and C763 (48). To test both sites, we constructed three
strains with single cysteine substitutions in POL2 (pol2C2181S, pol2-C677S, pol2-C763S), and one strain with a
double substitution (pol2-C665S/C677S). The pol2-C677S
and pol2-C2181S mutations had no significant effect on
mutation rates of URA3-GC compared to the wild-type
strain (overlap of 95% confidence limits on rates measured
at 30◦ C, Supplementary Table S3).
Since strains with the pol2-C763S mutation and the
double mutant combination pol2-C665S/C677S grew very
slowly at 30◦ C, we assayed mutation rates at 23◦ C. An unanticipated result of this analysis was that the mutation rate
of URA3-GC in the wild-type strain was elevated about
two-fold compared to the rate measured at 30◦ C, with a 5fold elevation in large deletions (Table 1). The strains with
the pol2-C763S and the pol2-C665S/C677S had URA3-GC
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mutation rates that were elevated about 5-fold relative to the
wild-type rate (Table 1); most of this elevation was a consequence of an increase in the rates of single bp substitutions.
In contrast, the strain with the pol2-C677S mutation had no
significant effects on the rate or spectra of mutations compared to the wild-type strain (Table 1, Supplementary Table
S3). This result argues that different cysteines in the binding
site have different effects on the binding of the Fe–S cluster
or that these mutations have different effects on the fidelity

of Pol ε. In addition, we cannot rule out the possibility that
some of the mutations reflect an indirect effect of the pol2
mutations. For example, if some of the pol2 mutations result in an increased role of Pol ␦ in replicating the leading
strand, it is possible that the wild-type Pol ␦ enzyme makes
more errors when replicating the ‘wrong’ strand.
Although the elevation in mutation rates observed for
some of the pol2 mutants was significant, it was much less
than the >100-fold increase in rate observed for URA3-GC
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Figure 2. DNA polymerase slippage events resulting in deletions and duplications. The URA3 gene is likely replicated from ARS508 located to the left of
the gene (70). (A) Sequence of the URA3-GC gene (bases 315–353) that contains two 4 bp repeats (boxed) that are found at the junctions of deletions and
duplications. (B) Deletion resulting from slippage of the primer strand during replication between Repeats 1 and 2. The expected products are one chromosome with the original sequence and one with a 23 bp deletion. (C) Duplication resulting from replication of Repeats 1 and 2, followed by dissociation
of the primer strand from Repeat 2 to Repeat 1, and continued DNA synthesis. The expected products are a chromosome with the original sequence and
one with a duplication.
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in the met18Δ strain or the strains with the mutations in
the Fe–S binding site in Pol3p. In addition, deletions ≥5
bp were a much smaller fraction of the total mutations in
URA3-GC for the pol2-C763S and C665S/C677S strains
(14% and 20%, respectively) than for the met18Δ (81%)
or the strains with the mutations in the Fe–S binding site
in Pol3p (mean of 78%). Taken together, our data suggest
that the mutagenesis observed in met18 strains is a consequence of loss of the Fe–S cluster in Pol3p rather than
Pol2p.
Rates of URA3 and CAN1 single-base substitution mutations
in met18 and mutant Pol ␦ strains
No point mutations were observed in the URA3-GC reporter in the met18 strain and few were found in the Pol
␦ mutant strains (Supplementary Table S5). It is likely that
this result simply reflects the small numbers of sequenced
ura3 mutations and the very large increase in deletions
rather than a lack of point mutations. With the URA3WT reporter, we found that the met18Δ mutation elevated
single-base mutations by about 12-fold relative to the wildtype strain. This rate was only reduced two-fold by deleting REV3, encoding the catalytic subunit of the errorprone Pol  (Table 1). The pol3-C1059S mutation increased
the rate of single-base mutations in URA3-WT by 18-fold,
and the rate of mutations in CAN1-WT by about 4-fold
(Table 1). These observations indicate that absence of the
Fe–S cluster in Pol3p may reduce base selectivity of the
holoenzyme.

The elevation in the rate of CAN1 mutations is similar to
that observed previously in pol3–13 strains which was dependent on Rev3p (47). The interpretation of the effects of
Rev3p in our experiments with the met18 mutation is complicated by the observation that Rev3p contains an Fe–S
cluster that is likely inserted by the CIA complex (49).
The locations and the types of single-base substitutions
in URA3 and CAN1 are shown in Supplementary Table S7.
Since the mutation spectra of met18 strains with the URA3GC reporter gene are heavily dominated by deletions, we
restricted our comparisons of types of single-base substitutions to strains containing the URA3-WT and CAN1-WT.
Several interesting patterns were observed. First, the proportion of AT to TA mutations for URA3-WT was substantially elevated in met18 and pol3-C1059S strains (mean
of 0.43 versus mean of 0.13, respectively; Fisher exact test
P <0.0001; Supplementary Figure S5A). The same pattern
was evident for CAN1-WT (Supplementary Figure S5B).
Second, the proportions of CG to GC mutations in the
met18 and pol3-C1059S strains in URA3-WT were elevated
relative to wild-type (0.13–0.17, not significant) and an elevation of this substitution was also observed for mutations
in CAN1-WT (0.16–0.36; P = 0.005); an elevated frequency
of CG to GC mutations was shown previously to be Pol 
dependent (50,51). Third, two mutations in URA3-WT, T
to A at positions 164 and 168, were frequently found in the
met18–410, met18Δ, and pol3-C1059S strains (total of 11
such mutations out of a total of 75), but were absent from
the wild-type spectrum (0 of 228 mutations) (Supplementary Table S7, P <0.0001 by the Fisher exact test).

Downloaded from https://academic.oup.com/nar/article/49/10/5623/6279846 by Washington University in St. Louis user on 24 July 2021

Figure 3. Rates of URA3-GC mutations and rates of deletions (≥ 5 bp) and QP mutations in various genetic backgrounds. Error bars indicate 95%
confidence limits. Numbers in parentheses show whether the rates were determined in 23◦ C or 30◦ C cultures. WT indicates the wild-type strain. (A) Rates
of URA3-GC mutations. (B) Rates of deletions and QP (ura3-GC-366TC) mutations. As shown in Supplementary Figure S4, the QP mutation is likely the
consequence of template switching between two inverted repeats, resulting in formation of a perfect palindrome from a quasi-palindrome. Rates of other
types of mutations in each strain are shown in Supplementary Table S3. Asterisks indicate that no events were observed for that class of mutation.
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Mutation accumulation experiments in the met18Δ strain

The met18Δ mutation reduces binding of the Fe–S cluster to
Pol3p, resulting in decreased polymerase processivity
Since we have previously shown that low levels of Pol ␦
elevate the rate of deletions ≥5 bp (15,16), it is possible
that the absence of the Fe–S cluster in Pol3p results in an
unstable protein. To test this possibility, we used MET18
and met18Δ strains expressing Pol3p with a N-terminal HA
tag regulated by the endogenous POL3 promoter (15). The
steady-state levels of Pol3p in these two strains were indistinguishable (Figure 4A).
We extracted and analyzed FPLC-purified Pol3p from
yeast cells over-expressing Pol3p and the other subunits of
Pol ␦ (Pol31p and Pol32p) from galactose-inducible promoters. Pol3p purified from the met18Δ strain was a single
subunit, whereas Pol3p from the MET18 strain co-purified

Figure 4. Properties of the Pol3p enzyme isolated from wild-type and
met18 strains. Error bars indicate standard errors of the mean for Figure
4C, and 95% confidence limits for Figure 4D. (A) Western blot showing
that the amount of Pol3p is similar in wild-type and met18 strains. An antibody directed against an HA tag was used to monitor the level of HAtagged Pol3; an antibody specific to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control. (B) Using a method that conserves
the interaction between Pol3p and its subunits Pol31p and Pol32p, we isolated Pol3p and examined its composition by gel electrophoresis. Although
the wild-type enzyme consists of three equimolar subunits, the Pol3p isolated from the met18 strain is missing Pol31p and Pol32p. (C) Two-hybrid
analysis of the interaction between Pol3p and Pol31p (details in Supp. Experimental Procedures). The level of beta-galactosidase reflects the level of
interaction between Pol3p and Pol31p. The Pol3p-Pol31p interaction is significantly reduced in the met18 strain. (D) FPLC-purified Pol3p, examined
by inductively coupled plasma mass spectrometry (ICP-MS), has significantly less bound iron in samples isolated from met18 strains compared to
wild-type strains.

with accessory subunits Pol31p and Pol32p in approximately equimolar ratios relative to Pol3p (0.8 for Pol31p
and 1.1 for Pol32p) (Figure 4B). We also examined the interactions between Pol3p and Pol31p using a two-hybrid
analysis. In strains that contained Pol3 fused to a LexA
DNA-binding domain (Pol3BD ) and Pol31 fused to a GAL4activation domain (Pol31AD ), the level of ␤-galactosidase
synthesized from a (lexAop )8 -lacZ reporter gene was reduced about two-fold (P < 0.01) in the met18 strain relative to the wild-type strain (Figure 4C). A significant (P <
0.01) reduction was also observed in strains in which the activation domain and DNA-binding domain were swapped
between Pol3 and Pol31 (Pol3AD and Pol31BD ).
We found that Pol3p isolated from met18Δ strains had
significantly less iron in comparison to samples from
MET18 strains as detected by the inductively-coupled
plasma mass spectrometry (ICP-MS) analysis (Figure 4D).
These results argue that, in the absence of Met18p, Pol3p
binds the Fe–S cluster less efficiently, leading to a defect in
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To determine whether the patterns of mutations observed
with URA3 and CAN1 were representative of the whole
genome, we sequenced the genomes of ten haploid met18Δ
strains that had been sub-cultured 40 times (about 1000
cell divisions/isolate). The strain used for this analysis
(DKy361) was initially haploid, although 3 of the 10 derivatives diploidized during the sub-culturing; such unselected
diploidization events have been observed previously in subcultured haploids (52,53), and likely reflect the faster growth
rate of diploids.
The types of mutations and the genomic location of the
mutations are shown in Supplementary Table S8 (details in
Supp. Exp. Procedures). Mutations were aligned relative to
a wild-type W303–1A reference strain (TAK948; (54)) and
the relative rates of various classes of mutations were determined using data from the wild-type strain delta|(-2)|7B-YUNI300 (34). Compared to the rate of mutations in
the wild-type strain, met18 elevated genomic mutation rates
over seven-fold (15 × 10−10 /bp/cell division) with elevations of the rates of specific types of mutations as follows:
single-base substitutions (6-fold), 1 bp deletions (14-fold), 1
bp insertions (3-fold), deletions greater than 5 bp (24-fold),
insertions greater than one bp (3-fold), and complex mutations (16-fold). Of the six different types of base substitutions, the most significant alteration (P < 0.0001) was a
22-fold elevation in the rate of AT to TA mutations. The relative proportions of the six types of base substitutions are
shown in Supplementary Figure S5C.
As observed in the analysis of the URA3 and CAN1
genes, we observed mutations that indicated increases in
template-primer dissociations, including multi-base deletions and complex mutations (Supplementary Table S8).
Most of the multi-base deletions were greater than 5 bp,
and were flanked by short homologies, implying that they
were generated by polymerase slippage (Figure 2). Of the
11 complex mutations, five perfected palindromic sequences
or inverted hairpin loops, implying template switches (Supplementary Figure S4). Four complex alterations appear to
reflect gene conversion events between non-allelic repeats
(Supplementary Table S8). In summary, the whole-genome
analysis of mutations in the met18Δ strain recapitulate the
patterns observed in the URA3 and CAN1 genes.
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Mutation rates in pol32Δ strains
We also examined the effects of a POL32 deletion on mutagenesis of URA3-GC. Strains with this mutation fail to grow
at 13◦ C and grow poorly at 30◦ C (13). In assays of mutagenesis in pol32Δ strains grown at 30◦ C, Huang et al. (56)
found no significant effect on the rate of CAN1 mutations,
but found an increased proportion of deletions. In our genetic background, pol32Δ strains grew more slowly than the
wild-type strain at 30◦ C but at approximately the same rate
at 23◦ C. In our study, the rates of URA3-GC mutations were
elevated at both 30◦ C and 23◦ C (Table 1). Compared to the
wild-type rate at 30◦ C, the rate in the pol32Δ strain was elevated by 9-fold at 30◦ C and by 42-fold at 23◦ C. For comparison, the rates of URA3-GC mutations in the met18Δ strain

and the strains with mutations in the binding site of the Fe–
S cluster (for example, pol3-C1059S) were elevated 133- and
181-fold, respectively, at 30◦ C. These results suggest that the
elevated rate of mutagenesis observed in the pol3 and met18
strains are, at least in part, independent of the loss of Pol32p
from Pol ␦.
The types of mutations observed in the pol32Δ strains
were similar to those observed in the met18 and pol3 strains
(Supplementary Table S5). The percentages of the total
URA3-GC mutations that were deletions ≥ 5 bp in strains
grown at 30◦ C were: 25% (wild-type), 81% (met18-Δ), 92%
(pol3-C1059S) and 68% (pol32-Δ). In addition, the quasipalindrome mutation ura3-GC-366TC accounted for more
than 10% of the URA3-GC mutations in the pol32Δ strain
grown at either 23 or 30◦ C (Supplementary Table S5). These
results suggest that the mutagenic effects of the met18 mutation could be a consequence of two factors, the loss of
interaction with the Pol32p subunit and a Fe–S-dependent
loss of processivity independent of that interaction. This issue will be discussed further below.
DISCUSSION
The main conclusions of our study are: 1. The met18 mutation has a mutator phenotype that preferentially affects
genes with high-GC contents. 2. Strains with the met18 mutation or with mutations in Pol ␦ that prevent binding of the
Fe–S cluster have similar rates and spectra of mutations, arguing that the mutagenic effects of met18 are a consequence
of loss or destabilization of the Fe–S cluster in Pol ␦. 3. The
variant form of Pol ␦ that lacks the Fe–S cluster or has a
destabilized Fe–S cluster has an elevated rate of DNA polymerase slippage/template switching in vivo and decreased
processivity in vitro. We suggest that many of these observations are consistent with the hypothesis that the binding
of PCNA to Pol ␦ is regulated by the Fe–S cluster.
Identification of met18 as a mutator and caveats concerning
mutator screens
Our analysis demonstrates that the met18 mutation elevates
mutation rates in the URA3-GC gene more than 100-fold,
but has a smaller effect (35-fold) on the URA3-WT gene
that has an average GC content. The mutator phenotype
by whole-genome analysis is only 7-fold. We do not know
the explanation for the higher mutation rate of URA3-GC
gene relative to URA3-WT in the met18 strain, which is also
observed for these reporters in the wild-type strain (25). It
is possible that the yeast replicative enzymes are generally
less accurate on high-GC templates. Alternatively, the GC
content may affect mutagenesis less directly. For example,
the tendency of high-GC genes to form stable R-loops (57)
may reduce the processivity of the polymerases.
Although there have been successful screens to identify
mutators in yeast (for example, (58)), the met18 gene was
identified as a mutator in only one such screen (59). The
limitations of screening ‘knock-out’ collections for mutators involve a number of factors. First, some mutator mutations may be in essential genes and will be missing from
a knock-out collection. Second, often the screens are done
using a single reporter gene and, as illustrated by our analysis, mutators may have sequence specificity. Third, for at

Downloaded from https://academic.oup.com/nar/article/49/10/5623/6279846 by Washington University in St. Louis user on 24 July 2021

the formation or the stability of its interactions with Pol31p
and Pol32p. These observations are in good agreement with
the finding that mutations in the Fe–S binding domain of
Pol3p prevent binding of iron and abrogate the interaction
of Pol3p with Pol31p and Pol32p (19).
We compared the in vitro biochemical properties of Pol
␦ extracted from the met18Δ strain (purified as a single Pol3 subunit) and Pol3p from the wild-type strain
(which copurified with Pol31p and Pol32p). They did not
significantly differ in binding to the DNA template but
had different catalytic activities (Figure 5). Relative to the
Pol3p/Pol31p/Pol32p complex from the wild-type strain, in
the presence of cellular dNTP concentrations, the Pol3p isolated from the met18Δ strain exhibited reduced polymerase
processivity with a concomitant increase in exonuclease activity. Low polymerase processivity of the enzyme from the
met18Δ strain provides a mechanistic explanation of the
high rates of deletions and other mutations, likely resulting
from DNA polymerase slippage and/or template switching.
Although there have been no previous studies of the effect of the met18 mutation on the enzymatic properties of
DNA polymerase ␦, (55) examined the activities associated
with human DNA polymerase ␦ with a mutation in a cysteine in the catalytic sub-unit required for Fe–S binding
(C1076, equivalent to C1074 for the yeast enzyme). Unlike the yeast enzyme, this mutation in POLD1 resulted
in only a slight reduction in its association with the subunits POLD2, POLD3 and POLD4. It is possible that the
POLD4 sub-unit, which is missing in yeast, helps to stabilize the complex. The mutant enzyme had a partial defect
in both polymerase and exonuclease activities that could be
alleviated by addition of PCNA. In an in vitro assay of mutagenesis, the human mutant polymerase had only a small
(about 3-fold) elevated rate of mutagenesis, and the frequencies of deletions and insertions were not elevated compared
to the frequency of other types of mutations. In summary,
although the human holoenzyme lacking the Fe–S cluster
has some of the same properties as the yeast enzyme isolated from met18 strains, there are also a substantial number
of differences between our observations and those of (55).
These differences could reflect the intrinsic properties of human and yeast enzymes (perhaps related to the presence
or absence of POLD4), different amounts of retained Fe–
S in mutant DNA polymerases versus polymerases isolated
from met18, and/or different experimental approaches.
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least some mutators, the temperature during cell growth affects the magnitude of the mutator effect. The pol32Δ mutation has a five-fold greater effect at 23◦ C than 30◦ C (Table
1). There is no simple solution to these issues except to acknowledge that high-throughput screens are limited to detecting a sub-set of mutations in a sub-set of genes.
Identification of Pol3p as the target for the mutagenic effects
of the met18 mutation
Proteins with Fe–S clusters and the protein complexes necessary to insert these clusters into their target proteins are
found in organisms from prokaryotes to humans. In yeast,
the proteins involved in the maturation and assembly of Fe–
S cluster are essential except for Met18p (60). There are numerous yeast proteins with Fe–S clusters including the catalytic subunits of the Pols ␦, ε, and  , primase, and the helicases Chl1p, Dna2p, and Rad3p (61).
As discussed previously, both the rates and the spectra of
URA3-GC mutations in both the met18 strains and the pol3
strains with mutations in the Fe–S binding cysteines of Pol
␦ are very similar with most (>88%) of the mutations being
deletions or quasi-palindrome insertions. The proportion of
these types of URA3-GC mutations is substantially lower in
the wild-type strain (25%) and in strains with mutations in
the Fe–S binding sites of Pol2p (average of 32%) (Supplementary Table S5), implicating Pol3p as the relevant target

gene. A related argument implicating Pol ␦ as the relevant
target of mutagenesis in the met18 strain is that there is a
significant increase in the frequency of AT to TA singlebase substitutions in both the met18 strain and in strains
with the pol3-C1059S mutation (Supplementary Figure S5).
Although the similar mutation rates and mutation spectra
observed in the met18 strain and the strains with pol3 mutations in the Fe–S binding site argue that Pol3 is the most
relevant target of the mutagenic effects of met18, we cannot
exclude the possibility that other Fe–S-containing proteins
involved in DNA repair or DNA replication might also contribute to phenotype. Analysis of the mutagenic effects of
Fe–S binding site mutations in such proteins would be useful in determining whether these proteins contribute to the
mutagenic effects observed in the met18 strain.
In Figure 3, the DNA polymerase slippage events that
generate the deletions and duplication are shown to occur
on the lagging strand since the altered Pol ␦ is responsible
for lagging strand replication. However, we have no direct
evidence relevant to whether the slippage events occur on
the leading or lagging strands. In contrast, because the left
and right repeats of the quasi-palindromes are not identical,
based on which of these repeats acquires the mutation, we
can predict whether the template switching to produce the
ura3-GC-366TC mutation is initiated on the leading or lagging strand (Supplementary Figure S4). This analysis suggests that this mutation was initiated by a template switch
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Figure 5. Analysis of in vitro DNA synthesis catalyzed by Pol ␦ isolated from wild-type and met18 strains. Error bars show standard deviations. (A)
Schematic of the primed-template DNA synthesis assay used to evaluate the catalytic activity of Pol3p (details in Supp. Expt. Procedures). (B) Gel analysis
of the Cy3-labeled DNA synthesis products generated as shown in Figure 5A. The arrow shows the position of the 40 bp primer. Products that migrate
more slowly than the primer indicate DNA synthesis; products that migrate faster than the primer indicate exonuclease activity. (C) Quantitation of the
reaction products shown in (B).
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Possible mechanism for the high rate of deletions in met18
strains
One model consistent with our observations is that the
strong mutagenesis by met18 on high-GC templates is a
consequence of a diminished interaction between PCNA
and Pol ␦ in the met18 strain. This hypothesis is based on
several observations. First, PCNA increases the processivity of Pol ␦ (63), and certain mutations in POL30 (encoding yeast PCNA) elevate the frequency of deletions flanked
by short direct repeats (64,65). Second, it is possible that
PCNA interacts with Pol ␦ through multiple binding sites.
Acharya et al. (66) concluded that elimination of putative
PCNA-interacting protein (PIP) motifs on Pol3p, Pol32p,
and Pol31 reduced processive in vitro replication, and PIP
mutations in Pol32p substantially reduced interactions with
PCNA in overlay blots (67). However, structural studies
suggest that the Pol31p is unlikely to contact PCNA, although an interaction between Pol32p and PCNA is not
excluded by such studies (68,69). One model is that replication by Pol ␦ is initiated in met18 strains by Pol3p, Pol32p,
and Pol31p but, in the absence of the Fe–S cluster in Pol3p,
this complex frequently breaks down, resulting in loss of

the Pol31p and Pol32p subunits at the replication fork, reduced interaction with PCNA, and elevated levels of nonprocessive synthesis.
Although this model explains most of the observed results, it does not explain why the Fe–S cluster is required
for stabilizing the Pol3p–Pol32p–Pol31p complex. Further,
the temperature-dependence of the mutagenic effect of the
pol32 mutation is not explained. It is possible that Pol ␦
is intrinsically more processive at 30◦ C than 23◦ C or that
PCNA–Pol31p–Pol3p interactions occur more efficiently at
the higher temperature. Lastly, we cannot exclude the possibility that loss of the Fe–S cluster from Pol3p also reduces
the processivity of Pol ␦ by a mechanism related to its redox
role (21).
DATA AVAILABILITY
Whole genome sequencing data have been deposited in
the Sequence Read Archive database (BioProject ID: PRJNA703018).
CAN1-GC sequence can be retrieved using GenBank accession number MW719075.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
We thank Y. Pavlov, P. Shcherbakova, D. Perlstein, D. Gordenin, D. Smith and members of the Petes and JinksRobertson labs for useful discussions and/or comments on
the manuscript.
FUNDING
NIH [R35 GM118020 to T.D.P., R35 GM118129 to
P.M.B.]; Division of Intramural Research of the National
Institutes of Health, and National Institute of Environmental Health Sciences [Z01 ES065070 to T.A.K.]; RSF [20-1500081 to E.I.S.]. Funding for open access charge: NIH [R35
GM118020].
Conflict of interest statement. None declared.
REFERENCES
1. Lynch,M., Sung,W., Morris,K., Coffey,N., Landry,C.R.,
Dopman,E.B., Dickinson,W.J., Okamoto,K., Kulkarni,S., Hartl,D.L.
et al. (2008) A genome-wide view of the spectrum of spontaneous
mutations in yeast. Proc. Natl. Acad. Sci. U.S.A., 105, 9272–9277.
2. Nishant,K.T., Wei,W., Mancera,E., Argueso,J.L., Schlattl,A.,
Delhomme,N., Ma,X., Bustamante,C.D., Korbel,J.O., Gu,Z. et al.
(2010) The baker’s yeast diploid genome is remarkably stable in
vegetative growth and meiosis. PLoS Genet., 6, e1001109.
3. Lujan,S.A., Clausen,A.R., Clark,A.B., MacAlpine,H.K.,
MacAlpine,D.M., Malc,E.P., Mieczkowski,P.A., Burkholder,A.B.,
Fargo,D.C., Gordenin,D.A. et al. (2014) Heterogeneous polymerase
fidelity and mismatch repair bias genome variation and composition.
Genome Res., 24, 1751–1764.
4. Zhu,Y.O., Siegal,M.L., Hall,D.W. and Petrov,D.A. (2014) Precise
estimates of mutation rate and spectrum in yeast. Proc. Natl. Acad.
Sci. U.S.A., 111, E2310–E2318.
5. Dutta,A., Lin,G., Pankajam,A.V., Chakraborty,P., Bhat,N.,
Steinmetz,L.M. and Nishant,K.T. (2017) Genome dynamics of
hybrid Saccharomycescerevisiae during vegetative and meiotic
divisions. G3, 7, 3669–3679.

Downloaded from https://academic.oup.com/nar/article/49/10/5623/6279846 by Washington University in St. Louis user on 24 July 2021

on the leading strand, consistent with previous studies in E.
coli (46). One explanation for why these QP events are elevated by mutations affecting Pol ␦ is that this class of mutations requires two template switches, one of which occurs
on the lagging strand.
In general, our findings about the mutant phenotypes associated with met18 for the URA3 and CAN1 genes are supported by the whole-genome analysis of the met18Δ strain
(Supplementary Table S8). One interesting difference is that
the proportions of URA3-WT and CAN1-WT mutations
that were deletions ≥5 bp in the met18Δ strains (mean of
0.67) were greater than observed by whole-genome analysis
(0.07; Supplementary Tables S5 and S8). The likely explanation of this difference is simply that the whole-genome
sequencing detects all mutations whereas our analysis of
the URA3 and CAN1 genes identifies only those mutations
that inactivate the encoded proteins. Lang and Murray (43)
showed that only 10% of single-base mutations inactivated
URA3 or CAN1. Since most deletions will be inactivating,
our analysis of URA3 and CAN1 over-estimates the fraction
of deletion mutations in both wild-type and met18 strains.
The conclusion that the met18 mutation elevates deletions
with respect to the wild-type strain, however, is not affected
by this consideration.
In our strains (based on the data of McGuffee et al. (62)),
for both URA3 and CAN1, transcription and replication
fork movement are co-directional. We examined this issue
for deletions ≥ 5 bp in the whole-genome analysis. Of the
12 deletions that were within genes, in 10 of these genes, we
could determine the origin that likely was responsible for
its replication (62). In 5 of the 10 genes, transcription and
fork movement were in opposite directions and in five of the
genes, transcription and fork movement were in the same
direction. Although this dataset is small, we conclude that
deletion formation does not occur with a strong preference
for genes in which there is a collision between the replication
fork and the transcription machinery.

Nucleic Acids Research, 2021, Vol. 49, No. 10 5635

26. Zhao,X., Muller,E.G. and Rothstein,R. (1998) A suppressor of two
essential checkpoint genes identifies a novel protein that negatively
affects dNTP pools. Mol. Cell, 2, 329–340.
27. Thomas,B.J. and Rothstein,R. (1989) Elevated recombination rates in
transcriptionally active DNA. Cell, 56, 619–630.
28. Wei,W., McCusker,J.H., Hyman,R.W., Jones,T., Ning,Y., Cao,Z.,
Gu,Z., Bruno,D., Miranda,M., Nguyen,M. et al. (2007) Genome
sequencing and comparative analysis of Saccharomycescerevisiae
strain YJM789. Proc. Natl. Acad. Sci. U.S.A., 104, 12825–12830.
29. Guthrie,C. and Fink,G.R. (1991) In: Guide to Yeast Genetics and
Molecular Biology. Academic, San Diego.
30. Goldstein,A.L. and McCusker,J.H. (1999) Three new dominant drug
resistance cassettes for gene disruption in Saccharomycescerevisiae.
Yeast, 15, 1541–1553.
31. Scherer,S. and Davis,R.W. (1979) Replacement of chromosome
segments with altered DNA sequences constructed in vitro. Proc.
Natl. Acad. Sci. U.S.A., 76, 4951–4955.
32. Lea,D.E. and Coulson,C.A. (1949) The distribution of the numbers
of mutants in bacterial populations. J. Genet., 49, 264–285.
33. Burkholder,A.B., Lujan,S.A., Lavender,C.A., Grimm,S.A.,
Kunkel,T.A. and Fargo,D.C. (2018) Muver, a computational
framework for accurately calling accumulated mutations. BMC
Genomics, 19, 345.
34. Williams,J.S., Lujan,S.A., Zhou,Z.X., Burkholder,A.B., Clark,A.B.,
Fargo,D.C. and Kunkel,T.A. (2019) Genome-wide mutagenesis
resulting from topoisomerase 1-processing of unrepaired
ribonucleotides in DNA. DNA Repair (Amst.), 84, 102641.
35. St Charles,J., Hazkani-Covo,E., Yin,Y., Andersen,S.L., Dietrich,F.S.,
Greenwell,P.W., Malc,E., Mieczkowski,P. and Petes,T.D. (2012)
High-resolution genome-wide analysis of irradiated (UV and
gamma-rays) diploid yeast cells reveals a high frequency of genomic
loss of heterozygosity (LOH) events. Genetics, 190, 1267–1284.
36. Zhang,K., Wu,X.C., Zheng,D.Q. and Petes,T.D. (2017) Effects of
temperature on the meiotic recombination landscape of the yeast
Saccharomycescerevisiae. mBio, 8, e02099-17.
37. Burgers,P.M. and Gerik,K.J. (1998) Structure and processivity of two
forms of Saccharomycescerevisiae DNA polymerase ␦. J. Biol. Chem.,
273, 19756–19762.
38. Burgers,P.M. (1999) Overexpression of multisubunit replication
factors in yeast. Methods, 18, 349–355.
39. Fortune,J.M., Stith,C.M., Kissling,G.E., Burgers,P.M. and
Kunkel,T.A. (2006) RPA and PCNA suppress formation of large
deletion errors by yeast DNA polymerase ␦. Nucleic Acids Res., 34,
4335–4341.
40. Abdulovic,A.L., Hile,S.E., Kunkel,T.A. and Eckert,K.A. (2011) The
in vitro fidelity of yeast DNA polymerase ␦ and polymerase ε
holoenzymes during dinucleotide microsatellite DNA synthesis. DNA
Repair (Amst.), 10, 497–505.
41. Ganai,R.A., Bylund,G.O. and Johansson,E. (2015) Switching
between polymerase and exonuclease sites in DNA polymerase ε.
Nucleic Acids Res., 43, 932–942.
42. Hansen,L., Kim,N.K., Marino-Ramirez,L. and Landsman,D. (2011)
Analysis of biological features associated with meiotic recombination
hot and cold spots in Saccharomycescerevisiae. PLoS One, 6, e29711.
43. Lang,G.I. and Murray,A.W. (2008) Estimating the per-base-pair
mutation rate in the yeast Saccharomycescerevisiae. Genetics, 178,
67–82.
44. Fortune,J.M., Pavlov,Y.I., Welch,C.M., Johansson,E., Burgers,P.M.
and Kunkel,T.A. (2005) Saccharomycescerevisiae DNA polymerase ␦:
high fidelity for base substitutions but lower fidelity for single- and
multi-base deletions. J. Biol. Chem., 280, 29980–29987.
45. Glickman,B.W. and Ripley,L.S. (1984) Structural intermediates of
deletion mutagenesis: a role for palindromic DNA. Proc. Natl. Acad.
Sci. U.S.A., 81, 512–516.
46. Lovett,S.T. (2017) Template-switching during replication fork repair
in bacteria. DNA Repair (Amst.), 56, 118–128.
47. Stepchenkova,E.I., Tarakhovskaya,E.R., Siebler,H.M. and
Pavlov,Y.I. (2017) Defect of Fe–S cluster binding by DNA
polymerase ␦ in yeast suppresses UV-induced mutagenesis, but
enhances DNA polymerase  - dependent spontaneous mutagenesis.
DNA Repair (Amst.), 49, 60–69.
48. Ter Beek,J., Parkash,V., Bylund,G.O., Osterman,P.,
Sauer-Eriksson,A.E. and Johansson,E. (2019) Structural evidence for

Downloaded from https://academic.oup.com/nar/article/49/10/5623/6279846 by Washington University in St. Louis user on 24 July 2021

6. Sharp,N.P., Sandell,L., James,C.G. and Otto,S.P. (2018) The
genome-wide rate and spectrum of spontaneous mutations differ
between haploid and diploid yeast. Proc. Natl. Acad. Sci. U.S.A., 115,
E5046–E5055.
7. Sui,Y., Qi,L., Wu,J.K., Wen,X.P., Tang,X.X., Ma,Z.J., Wu,X.C.,
Zhang,K., Kokoska,R.J., Zheng,D.Q. et al. (2020) Genome-wide
mapping of spontaneous genetic alterations in diploid yeast cells.
Proc. Natl. Acad. Sci. U.S.A., 117, 28191–28200.
8. Burgers,P.M.J. and Kunkel,T.A. (2017) Eukaryotic DNA replication
fork. Annu. Rev. Biochem., 86, 417–438.
9. Streisinger,G., Okada,Y., Emrich,J., Newton,J., Tsugita,A.,
Terzaghi,E. and Inouye,M. (1966) Frameshift mutations and the
genetic code. This paper is dedicated to Professor Theodosius
Dobzhansky on the occasion of his 66th birthday. Cold Spring Harb.
Symp. Quant. Biol., 31, 77–84.
10. Johnson,R.E., Klassen,R., Prakash,L. and Prakash,S. (2015) A
major role of DNA polymerase ␦ in replication of both the leading
and lagging DNA strands. Mol. Cell, 59, 163–175.
11. Garbacz,M.A., Cox,P.B., Sharma,S., Lujan,S.A., Chabes,A. and
Kunkel,T.A. (2019) The absence of the catalytic domains of
Saccharomyces cerevisiae DNA polymerase ε strongly reduces DNA
replication fidelity. Nucleic Acids Res., 47, 3986–3995.
12. Boulet,A., Simon,M., Faye,G., Bauer,G.A. and Burgers,P.M. (1989)
Structure and function of the SaccharomycescerevisiaeCDC2 gene
encoding the large subunit of DNA polymerase III. EMBO J., 8,
1849–1854.
13. Gerik,K.J., Li,X., Pautz,A. and Burgers,P.M. (1998) Characterization
of the two small subunits of Saccharomycescerevisiae DNA
polymerase ␦. J. Biol. Chem., 273, 19747–19755.
14. Hashimoto,K., Nakashima,N., Ohara,T., Maki,S. and Sugino,A.
(1998) The second subunit of DNA polymerase III (␦) is encoded by
the HYS2 gene in Saccharomycescerevisiae. Nucleic Acids Res., 26,
477–485.
15. Kokoska,R.J., Stefanovic,L., DeMai,J. and Petes,T.D. (2000)
Increased rates of genomic deletions generated by mutations in the
yeast gene encoding DNA polymerase ␦ or by decreases in the cellular
levels of DNA polymerase ␦. Mol. Cell. Biol., 20, 7490–7504.
16. Zheng,D.Q., Zhang,K., Wu,X.C., Mieczkowski,P.A. and Petes,T.D.
(2016) Global analysis of genomic instability caused by DNA
replication stress in Saccharomycescerevisiae. Proc. Natl. Acad. Sci.
U.S.A., 113, E8114–E8121.
17. St Charles,J.A., Liberti,S.E., Williams,J.S., Lujan,S.A. and
Kunkel,T.A. (2015) Quantifying the contributions of base selectivity,
proofreading and mismatch repair to nuclear DNA replication in
Saccharomycescerevisiae. DNA Repair (Amst.), 31, 41–51.
18. Kesti,T., Flick,K., Keranen,S., Syvaoja,J.E. and Wittenberg,C. (1999)
DNA polymerase epsilon catalytic domains are dispensable for DNA
replication, DNA repair, and cell viability. Mol. Cell, 3, 679–685.
19. Netz,D.J., Stith,C.M., Stumpfig,M., Kopf,G., Vogel,D., Genau,H.M.,
Stodola,J.L., Lill,R., Burgers,P.M. and Pierik,A.J. (2011) Eukaryotic
DNA polymerases require an iron-sulfur cluster for the formation of
active complexes. Nat. Chem. Biol., 8, 125–132.
20. Jain,R., Rice,W.J., Malik,R., Johnson,R.E., Prakash,L., Prakash,S.,
Ubarretxena-Belandia,I. and Aggarwal,A.K. (2019) Cryo-EM
structure and dynamics of eukaryotic DNA polymerase ␦
holoenzyme. Nat. Struct. Mol. Biol., 26, 955–962.
21. Bartels,P.L., Stodola,J.L., Burgers,P.M.J. and Barton,J.K. (2017) A
redox role for the [4Fe4S] cluster of yeast DNA polymerase ␦. J. Am.
Chem. Soc., 139, 18339–18348.
22. Giot,L., Chanet,R., Simon,M., Facca,C. and Faye,G. (1997)
Involvement of the yeast DNA polymerase ␦ in DNA repair in vivo.
Genetics, 146, 1239–1251.
23. Chanet,R. and Heude,M. (2003) Characterization of mutations that
are synthetic lethal with pol3-13, a mutated allele of DNA polymerase
delta in Saccharomycescerevisiae. Curr. Genet., 43, 337–350.
24. Stehling,O., Vashisht,A.A., Mascarenhas,J., Jonsson,Z.O.,
Sharma,T., Netz,D.J., Pierik,A.J., Wohlschlegel,J.A. and Lill,R.
(2012) MMS19 assembles iron-sulfur proteins required for DNA
metabolism and genomic integrity. Science, 337, 195–199.
25. Kiktev,D.A., Sheng,Z., Lobachev,K.S. and Petes,T.D. (2018) GC
content elevates mutation and recombination rates in the yeast
Saccharomycescerevisiae. Proc. Natl. Acad. Sci. U.S.A., 115,
E7109–E7118.

5636 Nucleic Acids Research, 2021, Vol. 49, No. 10

49.
50.

52.
53.
54.

55.
56.

57.
58.

59.

60. Braymer,J.J., Freibert,S.A., Rakwalska-Bange,M. and Lill,R. (2021)
Mechanistic concepts of iron-sulfur protein biogenesis in Biology.
Biochim. Biophys. Acta Mol. Cell Res., 1868, 118863.
61. Netz,D.J., Mascarenhas,J., Stehling,O., Pierik,A.J. and Lill,R. (2014)
Maturation of cytosolic and nuclear iron-sulfur proteins. Trends Cell
Biol., 24, 303–312.
62. McGuffee,S.R., Smith,D.J. and Whitehouse,I. (2013) Quantitative,
genome-wide analysis of eukaryotic replication initiation and
termination. Mol. Cell, 50, 123–135.
63. Bauer,G.A. and Burgers,P.M. (1988) The yeast analog of mammalian
cyclin/proliferating-cell nuclear antigen interacts with mammalian
DNA polymerase ␦. Proc. Natl. Acad. Sci. U.S.A., 85, 7506–7510.
64. Chen,C., Merrill,B.J., Lau,P.J., Holm,C. and Kolodner,R.D. (1999)
Saccharomycescerevisiae pol30 (proliferating cell nuclear antigen)
mutations impair replication fidelity and mismatch repair. Mol. Cell.
Biol., 19, 7801–7815.
65. Kokoska,R.J., Stefanovic,L., Buermeyer,A.B., Liskay,R.M. and
Petes,T.D. (1999) A mutation of the yeast gene encoding PCNA
destabilizes both microsatellite and minisatellite DNA sequences.
Genetics, 151, 511–519.
66. Acharya,N., Klassen,R., Johnson,R.E., Prakash,L. and Prakash,S.
(2011) PCNA binding domains in all three subunits of yeast DNA
polymerase ␦ modulate its function in DNA replication. Proc. Natl.
Acad. Sci. U.S.A., 108, 17927–17932.
67. Johansson,E., Garg,P. and Burgers,P.M. (2004) The Pol32 subunit of
DNA polymerase ␦ contains separable domains for processive
replication and proliferating cell nuclear antigen (PCNA) binding. J.
Biol. Chem., 279, 1907–1915.
68. Zheng,F., Georgescu,R.E., Li,H. and O’Donnell,M.E. (2020)
Structure of eukaryotic DNA polymerase ␦ bound to the PCNA
clamp while encircling DNA. Proc. Natl. Acad. Sci. U.S.A., 117,
30344–30353.
69. Lancey,C., Tehseen,M., Raducanu,V.S., Rashid,F., Merino,N.,
Ragan,T.J., Savva,C.G., Zaher,M.S., Shirbini,A., Blanco,F.J. et al.
(2020) Structure of the processive human Pol ␦ holoenzyme. Nat.
Commun., 11, 1109.
70. Zhou,Z.X., Lujan,S.A., Burkholder,A.B., Garbacz,M.A. and
Kunkel,T.A. (2019) Roles for DNA polymerase ␦ in initiating and
terminating leading strand DNA replication. Nat. Commun., 10,
3992.

Downloaded from https://academic.oup.com/nar/article/49/10/5623/6279846 by Washington University in St. Louis user on 24 July 2021

51.

an essential Fe–S cluster in the catalytic core domain of DNA
polymerase. Nucleic Acids Res., 47, 5712–5722.
Baranovskiy,A.G., Siebler,H.M., Pavlov,Y.I. and Tahirov,T.H. (2018)
Iron-Sulfur Clusters in DNA Polymerases and Primases of
Eukaryotes. Methods Enzymol., 599, 1–20.
Northam,M.R., Robinson,H.A., Kochenova,O.V. and
Shcherbakova,P.V. (2010) Participation of DNA polymerase  in
replication of undamaged DNA in Saccharomycescerevisiae. Genetics,
184, 27–42.
Szwajczak,E., Fijalkowska,I.J. and Suski,C. (2017) The CysB motif of
Rev3p involved in the formation of the four-subunit DNA
polymerase  is required for defective-replisome-induced
mutagenesis. Mol. Microbiol., 106, 659–672.
Gerstein,A.C., Chun,H.J., Grant,A. and Otto,S.P. (2006) Genomic
convergence toward diploidy in Saccharomycescerevisiae. PLos
Genet., 2, e145.
Harari,Y., Ram,Y., Rappoport,N., Hadany,L. and Kupiec,M. (2018)
Spontaneous changes in ploidy are common in yeast. Curr. Biol., 28,
825–835.
Garbacz,M.A., Lujan,S.A., Burkholder,A.B., Cox,P.B., Wu,Q.,
Zhou,Z.X., Haber,J.E. and Kunkel,T.A. (2018) Evidence that DNA
polymerase ␦ contributes to initiating leading strand DNA replication
in Saccharomycescerevisiae. Nat. Commun., 9, 858.
Jozwiakowski,S.K., Kummer,S. and Gari,K. (2019) Human DNA
polymerase delta requires an iron-sulfur cluster for high-fidelity DNA
synthesis. Life Sci. Alliance, 2, e201900321.
Huang,M.E., Rio,A.G., Galibert,M.D. and Galibert,F. (2002) Pol32,
a subunit of Saccharomycescerevisiae DNA polymerase ␦, suppresses
genomic deletions and is involved in the mutagenic bypass pathway.
Genetics, 160, 1409–1422.
Allison,D.F. and Wang,G.G. (2019) R-loops: formation, function,
and relevance to cell stress. Cell Stress, 3, 38–46.
Huang,M.E., Rio,A.G., Nicolas,A. and Kolodner,R.D. (2003) A
genomewide screen in Saccharomycescerevisiae for genes that
suppress the accumulation of mutations. Proc. Natl. Acad. Sci.
U.S.A., 100, 11529–11534.
Novarina,D., Janssens,G.E., Bokern,K., Schut,T., van Oerle,N.C.,
Kazemier,H.G., Veenhoff,L.M. and Chang,M. (2020) A genome-wide
screen identifies genes that suppress the accumulation of spontaneous
mutations in young and aged yeast cells. Aging Cell, 19, e13084.

